A procedure is described whereby highly purified fractions of plasma membrane and tonoplast were isolated from hypocotyls of dark-grown soybean (Glycine max L. var Wayne) by the technique of preparative free-flow electrophoresis. Fractions migrating the slowest toward the anode were enriched in thick (10 nanometers) membranes identified as plasma membranes based on ability to bind N-1-naphthylphthalamic acid (NPA), glucan synthetase-II, and KV-stimulated, vanadate-inhibited Mg2e ATPase, reaction with phosphotungstic acid at low pH on electron microscope sections, and morphological evaluations. Fractions migrating farthest toward the anode (farthest from the point of sample injection) were enriched in membrane vesicles with thick (7-9 nanometers) membranes that did not stain with phosphotungstic acid at low pH, contained a nitrate-inhibited, Cl-stimulated ATPase and had the in situ morphological characteristics of tonoplast including the presence of flocculent contents. These vesicles neither bound NPA nor contained levels of glucan synthetase II above background. Other membranous cell components such as dictyosomes (fucosyltransferase, latent nucleosidediphosphate phosphatase), endoplasmic reticulum vesicles (NADH-and NADPHcytochrome c reductase), mitochondria (succinate-2(p-indophenyl)-3-pnitrophenyl)-5-phenyl tetrazolium-reductase and cytochrome oxidase) and plastids (carotenoids and monogalactosyl diglyceride synthetase) were identified on the basis of appropriate marker constituents and, except for plastid thylakoids, had thin (<7 nanometers) membranes. They were located in the fractions intermediate between plasma membrane and tonoplast after free-flow electrophoretic separation and did not contaminate either the plasma membrane or the tonoplast fraction as determined from marker activities. From electron microscope morphometry (using both membrane measurements and staining with phosphotungstic acid at low pH) and analysis of marker enzymes, both plasma membrane and tonoplast fractions were estimated to be about 90% pure. Neither fraction appeared to be contaminated by the other by more than 3%.
Mg2e ATPase, reaction with phosphotungstic acid at low pH on electron microscope sections, and morphological evaluations. Fractions migrating farthest toward the anode (farthest from the point of sample injection) were enriched in membrane vesicles with thick (7-9 nanometers) membranes that did not stain with phosphotungstic acid at low pH, contained a nitrate-inhibited, Cl-stimulated ATPase and had the in situ morphological characteristics of tonoplast including the presence of flocculent contents. These vesicles neither bound NPA nor contained levels of glucan synthetase II above background. Other membranous cell components such as dictyosomes (fucosyltransferase, latent nucleosidediphosphate phosphatase), endoplasmic reticulum vesicles (NADH-and NADPHcytochrome c reductase), mitochondria (succinate-2(p-indophenyl)-3-pnitrophenyl)-5-phenyl tetrazolium-reductase and cytochrome oxidase) and plastids (carotenoids and monogalactosyl diglyceride synthetase) were identified on the basis of appropriate marker constituents and, except for plastid thylakoids, had thin (<7 nanometers) membranes. They were located in the fractions intermediate between plasma membrane and tonoplast after free-flow electrophoretic separation and did not contaminate either the plasma membrane or the tonoplast fraction as determined from marker activities. From electron microscope morphometry (using both membrane measurements and staining with phosphotungstic acid at low pH) and analysis of marker enzymes, both plasma membrane and tonoplast fractions were estimated to be about 90% pure. Neither fraction appeared to be contaminated by the other by more than 3%.
With elongating plant cells, the total membrane surface contributed by tonoplast surrounding the central vacuole and the I Supported by a grant from the National Science Foundation (PCM 820622) and from the Fonds Nationale Suisse de la Recherche Scientifique.
2 Present address: Botanical Institute, Department ofPlant Physiology, University of Goteborg, Goteborg, Sweden. plasma membrane of the cell surface are nearly equal (20) . Studies of membrane dynamics in plants during the growth process, as well as various transport and assignment studies would be facilitated if procedures for simultaneous isolation of these two membrane components from the same homogenates were available.
In initial reports for isolation ofplasma membranes from plant cells (6, 1 1), identification was based on the use ofphosphotungstic acid at low pH to specifically and characteristically stain plasma membrane vesicles in electron microscope sections of fixed and embedded pellets of membrane fractions (27) . Numerous reports followed with purification primarily by sucrose gradients (see Refs. 8-10, for review) or by aqueous two phase systems consisting of Dextran T 500 and PEG 3350 (13) . Other techniques such as isoelectric focusing also have been applied (4) .
Two enzyme markers including a K+-stimulated, vanadateinhibited increment in Mg2+-ATPase activity (8) and a glucan synthetase exhibiting a high Km, for UDP-glucose (33) , the socalled glucan synthetase II activity (26) have been associated with plasma membranes of plants.
Approaches to the isolation ofvacuoles and/or tonoplast membranes have been through the use of low-shear tissue slicing methods or preparation of protoplasts followed by controlled osmotic lysis, mechanical breakage, or by rupture by treatment with polybases (32, 34) . A nitrate-inhibited, anion-stimulated Mg2+ -ATPase was assigned to the tonoplast as a marker based on studies with latex vacuoles of Hevea brazilianensis (17) and using flotation on dextran gradients (32) .
Despite this considerable progress, neither preparations of plasma membrane nor of tonoplast have been demonstrated unequivocally to be free of contamination of one by the other. More important from the standpoint of studies of membrane dynamics and biogenesis, is the need to obtain isolated plasma membrane and tonoplast fractions of high degree of purity from the same homogenate. The latter would greatly facilitate direct comparisons in short turn labeling and turnover studies, for example.
The present report describes the application of preparative free-flow electrophoresis (5) Glucan SynthetaseII. The assays were as described (26 . \ . Electron micrograph of fraction E (plasma membrane) from soybean. In a, the sections were conventionally stained with alkaline lead citrate. The bulk of the vesicles were bounded by membranes 9 to 11 nm in thickness (Table II) that stained with phosphotungstic acid (b) . In b, the sections were destained and restained with phosphotungstic acid at low pH to accentuate plasma membranes (27) . More than 95% of the membranes attracted the stain. Arrow denotes an unstained vesicle. Scale bar = 0.5 um.
bated at 37°C in the presence of Triton, and the reactions were initiated with labeled substrate. After incubation at 37°C for 45 min, the reactions were terminated with ml of cold 10% TCA. The precipitates were collected on glass fiber filters, using a multifiltration apparatus (Millipore). One ml wash of the incubation tube was filtered, and the total precipitate was washed FIG. 4 . Electron micrograph of fraction A (tonoplast) from soybean. In a, the sections were stained with alkaline lead citrate and the bulk of the vesicles were bounded by membranes 7 to 9 nm thick (Table II) . The membranes did not stain with phosphotungstic acid (b). The procedure for staining with phosphotungstic acid was identical to that for Figure 3 and plasma membranes of tissue sections and from fraction E stained at the same time were reactive. Scale bar = 0.5 Mm.
sequentially with 6 ml of 5% TCA containing 0.5% unlabeled fucose, 4 ml ethanol/ether (1:1, v/v) and 4 ml diethylether. The filters were dried and radioactivity determined in a toluene-based scintillation fluid. (27) . The specificity of the staining procedure is shown by plasma membrane (pm) being the only membrane structure that attracted stain. Tonoplast (t), ER, and other internal membranes were unstained. Ribosomes and cell walls (cw), while not membranous, did stain. Scale bar = 0.5 ,um. Fig. 1 ). Class I membranes were 10 nm thick, showed the dark-light-dark pattern most clearly, reacted with phosphotungstic acid at low pH, and consisted of plasma membrane and occasional elements of the Golgi apparatus derived from the mature face. Class II membranes were on the average 7.5 nm thick (range 6-9 nm), showed the dark-light-dark pattern poorly, and did not react with phosphotungstic acid at low pH. The principal membrane in this class was tonoplast although some Golgi apparatus membranes from the mature pole and thylakoid membranes of proplastids could not be distinguished from tonoplast on the basis of these criteria. In the etiolated soybean tissue prior to homogenization, thylakoid membranes accounted for an amount of membrane nearly equivalent to the inner envelope membrane or about 2% of the total membrane. Class III membranes were thinner than 7 nm, showed the dark-lightdark pattern little ifat all, and did not react with phosphotungstic acid at low pH. Membranes in this category included all of the remaining internal membranes ofthe cell (nuclear envelope, ER, inner and outer mitochondrial membranes, inner and outer plastidal envelope membranes, peroxisome membranes, and Golgi apparatus membranes of the immature or forming face). These results summarized in Table I provided one approach to identification of plasma membrane and tonoplast independent of assumptions as to distributions of biochemical markers. The assignment (Table II) from initial identification based on positional relationships of the membranes within the tissue (Fig. 1) was subsequently confirmed and extended by findings based on analyses of biochemical markers (Table III) (Fig. 2) . The distribution was qualitatively reproducible, but the midpoint of the fractionation did vary one to several free-flow electrophoresis fractions among different separations. From a total of more than 60 separations none deviated from the general pattern as illustrated in the figures. Either all fractions (with some minor fractions combined) of a separation were analyzed, or the fractions of a free-flow electrophoretic separation were pooled into five fractions (A-E) following measurement ofA at 280 nm (Fig.  2) . From starting material of 35 to 50 g of soybean hypocotyls, fraction A (tonoplast) contained 0.8 to 1.0 mg membrane protein (Figs. 3a and 4a) . Fraction E consisted of nearly 100% of membranes staining with phosphotungstic acid at low pH (Fig. 3b) , whereas none of the membranes of fraction A so stained (Fig.  4b) .
Following simultaneous glutaraldehyde-osmium tetroxide fixation (Fig. 5) , as with glutaraldehyde fixation followed by postfixation with osmium tetroxide, the plasma membrane was the only membrane structure heavily stained. Tonoplast and all internal membranes were unstained although cell walls and ribosomes were reactive (Fig. 5) . Measurements of membrane thickness revealed that 95% of the membranes contained in fraction E exhibited a clear dark-light-dark pattern (Fig. 1, a and  d ) and membrane thickness of about 10 nm (Table I) as was characteristic of the plasma membrane in situ (Table II) . The small numbers of thin membranes (Table III) and of membranes not staining with phosphotungstic acid at low pH (Figs, 3b, 6 ) suggested a low level of contamination of vesicles from any source not derived from the plasma membrane, an observation subsequently confirmed from analyses of marker activities.
In contrast to fraction E, fraction A showed few vesicles reactive with phosphotungstic acid at low pH (Fig. 4b) and the vesicles exhibited the dark-light-dark pattern less clearly (Fig. 1 , c and f) than did those vesicles identified as plasma membrane (Fig. 1, a and d) . Thus, fraction A was apparently not contaminated to any significant degree by vesicles derived from class I (plasma) membranes.
To identify the dominant membrane of origin of vesicles of fraction A, membrane thicknessess were measured. About 90% of the vesicles had membranes with thickness in the range of 7 to 9 nm (Table II) suggesting an origin from tonoplast (Table I) . The remaining 15% of the membranes were thinner than 8 nm and may have been derived from contaminating internal membranes on this basis.
Evaluation of Putative Plasma Membrane Markers. Confirmation of a plasma membrane origin of the membranes of fraction E was provided by measurements of NPA binding and its correlation with the distribution of PTA-reactive membrane vesicles (Fig. 6) . NPA binding increased with higher fraction number (e.g. between fractions 40 and 56) as did the percentage of vesicles that stained with phosphotungstic acid at low pH. For assays of other plasma membrane activities, fractions were pooled to increase the amount of starting material and to reduce the necessity for assaying the large number of fractions provided from each free-flow electrophoresis separation. Fraction E, the putative plasma membrane-rich fraction, contained the highest specific activity of glucan synthetase II (Table III) . Glucan synthetase II was low or absent from the putative tonoplast-rich fraction (fraction A, Table III ). Sterol glucoside synthetase, while concentrated in plasma membrane, appeared also to be present in tonoplast vesicles (Table III) .
PLASMA MEMBRANE AND TONOPLAST ISOLATION (Fig. 7) . Distributions of mitochondria and ER overlapped each other from activities of succinate-INT reductase (Fig. 7) and Cyt oxidase for mitochondria and NADH-and NADPH-Cyt c reductases (Fig.  7) for ER as well as from morphology. The distribution of Cyt oxidase was similar to that of succinate-INT reductase with a maximum specific activity at about fraction 40 of 15 smol/minmg protein. Although concentrated in fraction C, the recovery of carotenoids from the free-flow electrophoresis fractions was very poor (separations were carried out in the light) and another marker for etioplasts, monogalactosyldiglyceride synthetase was monitored. Nearly 90% ofthe latter activity was found in fraction C in the midpoint of the separation with only 1 and 2% of the total activity in fraction A (tonoplast) and fraction E (plasma membrane), respectively.
Contamination by Golgi Apparatus. As an assay for Golgi apparatus contamination, latent IDPase was used and compared to fucosyl transferase (Fig. 8) . Both (Table IV) while a nitrate-inhibited activity was associated dominantly with fraction A (Table IV) . These activities further demonstrated the uniqueness of the two fractions and confirmed the low level of crosscontamination indicated from morphological measurements (Table II) .
PAGE Patterns of Membrane Proteins. As a final criterion for identification of fraction E as plasma membrane and contrast with fraction A, plasma membranes of greater than 90% purity as verified by staining with phosphotungstic acid at low pH were prepared by two phase partition according to Kjellbom and Larsson (13) and the pattern of electrophoretic bands compared on 12.5% SDS-polyacrylamide gels (Fig. 9) . The plasma membranes from the 2-phase separation (lane B) yielded a pattern identical with that of plasma membranes prepared by free-flow electrophoresis (lane C) and quite different from that oftonoplast (lane D). The tonoplast and plasma membrane had a few major polypeptide bands with similar mobilities. Yet, many differences were evident in both the high and low mol wt regions of the gels. DISCUSSION While numerous fractions from plant sources have been reported which are enriched in either plasma membrane or tonoplast, few procedures have been described where both membranes have been derived in pure fractions, one resolved from the other, from the same homogenate. Standard analytical sucrose gradient procedures, e.g. Chadwick and-Northcote (2), have been useful for assignment studies but have only limited value for preparative work because ofoverlap with other contaminating membranes. The technique of preparative free-flow electruphoresis appears to accomplish this by providing a major protein peak which contained the bulk of the cytoplasmic membranes (ER, mitochondria, plastids, Golgi apparatus, nuclear envelope) as identified by morphology and biochemical markers, and two additional peaks, one to the right and one to the left ofthe major protein distribution. These two latter peaks consisted of plasma membrane and tonoplast, respectively, in approximately equal amounts (8 and 7% of the total protein applied, respectively) and equal fraction purities (>90%).
To identify plasma membrane, and especially tonoplast, a strategy was followed in which identity could be related to the positional relationships of these membranes within the tissue, i.e. plasma membrane lying adjacent to the cell wall at the cell surface and tonoplast surrounding the large central vacuole within the cell's interior. For (26) . This enzyme activity resided primarily with the PTAstaining vesicles ofplasma membrane origin in our studies. UDPglucose-sterol glucosyl transferase, while concentrated in the plasma membrane, appears to be present as well in the tonoplast and cannot be regarded as an absolute marker on this basis. The plasma membrane fraction was judged to be about 90% vesicles of plasma membrane origin as evidenced from the number of vesicles staining with phosphotungstic acid at low pH, the number of vesicles with membranes 10 nm thick that showed clearly the dark-light-dark pattern of membrane staining, and from the virtual absence of marker enzyme activities indicative of contamination by mitochondria, ER, Golgi apparatus, or plastids. Contamination from tonoplast was discounted on the basis of morphological criteria, the absence of nitrate inhibition of a Mg2" ATPase, and the fact that the plasma membranes and the putative tonoplast membranes were so widely separated in the electrophoretic separation. Since 20% or more of the plasma membrane markers and 40% of the PTA-stained membranes were found associated with fraction C, the possibility that we have purified only a subfraction of the total plasma membrane, as with procedures based on step gradients (6, 10), remains.
For the moment, identification of tonoplast was based on the positive morphological criteria set forth above and derived from positional relationships in situ together with the presence of a nitrate-inhibited, Cl--stimulated, Mg2" ATPase. There was little or no plasma membrane contamination as evidenced from no PTA staining at low pH, no NPA binding, and very low glucan synthetase II activity. Contamination oftonoplast by other membranes also appeared to be minimal based on marker enzyme .embranes from analyses. The fractions were low or absent in succinate INT-:ition according reductase and NADPH-cytochrome reductase. These two activma membranes ities correlated with the content of mitochondria and ER of (lane C). Lane soybean membranes, respectively (14) . Also low was contamins the mol wt nation by plastid membranes based on content of monogalactorent membrane syldiacyldiglyceride synthetase and ,8-carotene content. Both content of,-carotene and mono-and digalactosyldiacyldiglyceride correlated with content of plastid membranes in soybean as xide simulta-identified by permanganate reactivity and quantitated by moright-dark pat-phometry (12). n membrane As criteria for Golgi apparatus, two markers were used. The ranes. As de-first, latent IDPase was described first by Ray (26) for Golgi Ila persicaria, apparatus fractions of pea. This activity was present in Golgi enization and apparatus of soybean as verified by direct measurement and by )noplast from cytochemistry (21) and correlated with dictyosome content of ia membrane sucrose gradient isolated fractions (6, 20) . The 
